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Exponential Stabhilization of Fully
Actuated Planar Bipedal Robotic
Walking With Global Position
Tracking Capabilities

This paper focuses on the development of a model-based feedback controller to realize
high versatility of fully actuated planar bipedal robotic walking. To conveniently define
both symmetric and asymmetric walking patterns, we propose to use the left and the right
legs for gait characterization. In addition to walking pattern tracking error, a biped’s
position tracking error in Cartesian space is included in the output function in order to
enable high-level task planning and control such as multi-agent coordination. A feedback
controller based on input—output linearization and proportional-derivative control is
then synthesized to realize exponential tracking of the desired walking pattern as well as
the desired global position trajectory. Sufficient stability conditions of the hybrid time-
varying closed-loop system are developed based on the construction of multiple Lyapu-
nov functions. In motion planning, a new method of walking pattern design is introduced,
which decouples the planning of global motion and walking pattern. Finally, simulation
results on a fully actuated planar biped show the effectiveness of the proposed walking
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1 Introduction

There are a variety of approaches to realize bipedal robotic
walking. One of the most frequently used methods is based on the
zero moment point (ZMP) balance criterion [1,2]. Enforcing the
ZMP criterion turns a biped into a fixed-based robot manipulator
as it requires flat-footed walking, which results in limited walking
speed.

The concept of viability has been introduced to walking control
[3,4], and capturability has been proposed as a computationally
feasible approximation of viability [5—8]. Because capturability is
defined based on the viability of walking instead of the state of
balance, the associated walking strategies may be less conserva-
tive than the ZMP-based approach.

Another approach to realizing bipedal robotic walking is based
on nonlinear control theories and the concept of hybrid zero
dynamics (HZD) [9-13]. With the HZD framework, the walking
stabilization problem becomes a stabilization problem of the
closed-loop control system. Orbitally, asymptotic stabilization of
an underactuated walking biped with hybrid dynamics was first
achieved based on feedback control under the assumption of finite
time convergence during the continuous walking phase [9]. Later
on, finite time stabilization was relaxed to sufficiently fast expo-
nential stabilization, and the concepts of virtual constraints and
HZD were introduced [12—14]. Because the HZD framework only
specifies a general structure of walking dynamics, it can be
applied to a variety of biped models. In addition to provable
closed-loop stability of the control system, another advantage of
the HZD-based approach is the achievable high walking speed.
Furthermore, the walking strategy based on HZD has been
extended to rough terrain walking [15], three-dimensional walking
[16], and neutrally stable walking [17]. Besides the HZD frame-
work, orbital stabilization of underactuated walking has also been
realized based on transverse linearization [18-20].

For fully actuated walking, the HZD framework has been
extended to achieve exponential tracking of the desired walking
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pattern as well as the desired walking speed [11,21,22]. However,
because orbital stabilization cannot control a biped’s global posi-
tion trajectory in Cartesian space, only velocity tracking has been
addressed. Therefore, satisfactory position tracking in Cartesian
space is not guaranteed, and the walking versatility is limited.
Controlling a biped’s global position trajectory is desirable
because it enables high-level task planning and control such as
multi-agent coordination and obstacle avoidance.

Also, previous studies on orbital stabilization typically utilize
the traditional support-swing gait characterization that describes a
bipedal gait using the support and the swing legs. This gait charac-
terization can be used to conveniently define symmetric gaits but
not asymmetric gaits. Therefore, planning and control of asym-
metric bipedal robotic gaits have not been fully investigated in
previous studies. However, asymmetric gait tracking is potentially
meaningful for related research areas such as motion planning and
control of prosthetic devices and exoskeletons because asymmet-
ric gaits are common in injured human walking.

In this study, exponential stabilization of fully actuated planar
bipedal walking is realized with enhanced versatility as compared
with the previous studies on orbital stabilization. The left-right
gait characterization is utilized to describe a bipedal gait so as to
conveniently define both symmetric and asymmetric gaits.
Although this type of gait characterization has been previously
adopted [23], planning and control of asymmetric walking have
not been fully studied. Another benefit of the left-right gait char-
acterization is that the states representing joint positions become
continuous and well defined upon a swing-foot landing. In control
design, input—output linearization is utilized to synthesize a con-
troller to achieve exponential tracking of the desired global
motion and walking pattern, and the closed-loop stability condi-
tions are derived based on the construction of multiple Lyapunov
functions [24]. In motion planning, a new method of walking pat-
tern design is presented, which not only guarantees that the
planned motion respects the impact events but also enables
decoupled planning of the desired global position trajectory and
the desired walking pattern. The proposed walking strategy is
validated through simulated walking of a planar biped model with
three revolute joints. Simulation results show that the proposed
control design can achieve exponential tracking of the desired
global position trajectory in Cartesian space as well as the desired
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walking pattern in the configuration space. A comparison with
previous studies on orbital stabilization is also presented to vali-
date the improved versatility.

In Sec. 2, the left-right gait characterization and the full-order
hybrid walking dynamics are presented along with the tracking
error of the desired position trajectory in Cartesian space and the
desired walking pattern. A model-based feedback control law
based on input—output linearization is presented in Sec. 3. In Sec.
4, the closed-loop stability is analyzed based on the construction
of multiple Lyapunov functions. A new method of walking pattern
design is proposed in Sec. 5, which enables decoupled planning of
global motion and walking pattern. In Sec. 6, improved versatility
of the proposed walking strategy as compared with previous stud-
ies is illustrated through simulations, and the effects of control
gains on the closed-loop stability are analyzed.

Preliminary results of control design and stability analysis pre-
sented in this paper were initially reported in Ref. [25]. The pres-
ent paper includes important results of motion planning and fully
developed theorems on stability analysis, which were omitted
from Ref. [25]. Also, a comparison with previous work on versa-
tility is presented through simulations.

2 Problem Formulation

The objective of this study is to achieve exponentially stable
walking with high versatility so that a fully actuated planar
bipedal robot can exponentially track the desired walking pattern,
both symmetric and asymmetric, as well as the desired global
position trajectory in Cartesian space. In order to reach this goal, a
bipedal gait is characterized by the left and the right legs instead
of the traditional characterization by the support and the swing
legs, the full-order hybrid walking dynamics are modeled under
the left-right gait characterization, and the expressions of the
walking pattern tracking error and the global position tracking
error are derived.

2.1 Gait Characterization. The traditional gait characteriza-
tion describes a bipedal gait using the support and the swing legs
[9,20,21]. Under the support-swing gait characterization, the
states that represent positions and velocities of the support and the
swing legs are always discontinuous at the end of a step because
of the role switching of the support and the swing legs. Here, we
utilize the left-right gait characterization to describe a bipedal
gait. There are two main advantages of using the left and the right
legs for gait characterization. First, the states that represent joint
positions will be continuous and well defined upon an impact
[23,26,27]. Although the states that represent joint velocities may
still experience sudden jumps due to landing impacts, the defini-
tion of these states is at least consistent. Second, the left-right gait

walking
direction
_—

(a)

characterization enables planning and control of asymmetric gaits,
which will be detailed in Secs. 3 and 5.

With the left-right gait characterization, the full-order walking
dynamics are presented in Secs. 2.2-2.4.

2.2 Hybrid Walking Dynamics With Impulse Effects. In
this study, a fully actuated planar biped with three revolute joints,
identical legs, and massless thin feet is considered (see Fig. 1).
There are two actuators at the hip and one at each ankle, and three
of them are active at any moment except for the one at the swing
ankle. Assume that the swing foot always lands flat and remains
in static, full contact with the walking surface until the next land-
ing occurs. Under this assumption, the biped is considered fully
actuated during continuous phases because it has three degrees-of-
freedom during continuous phases and three independent active
actuators. Also, assume that the landing impact is a rigid-body
contact with an impulse effect and that the double-support phase
is instantaneous [9]. Without loss of generality, suppose that the
swing leg length is adjustable. Otherwise, when the swing leg
passes the support leg, the planar biped with a compass gait can
only avoid scuffing the walking surface exactly at the vertical con-
figuration of both legs [9].

Let Q0 ¢ R? be the configuration space of the biped when its
support foot is in static, full contact with the walking surface and
the joint position limits are satisfied. As shown in Fig. 1, let q
denote the joint position vector of the bipedal robot

a=[q, @, ¢]' €0 (1)

where ¢, ¢, and g3 represent the joint angles of the left leg, the
right leg, and the trunk with respect to the world coordinate frame
0,X,Z,, respectively.

Let u denote the joint torque vector

u=lu, w, wus, wu] €R’ ()

where uy, u,, uz, and u, are defined as in Fig. 1.

Based on the left-right gait characterization introduced in Sec.
2.1, a complete walking cycle (or, a stride) consists of two succes-
sive steps, which include two single-support phases (SSP) and two
swing-foot landings. The two SSPs are the left-in-support SSP and
the right-in-support SSP. The two swing-foot landings are the left-
to-right-support landing and the right-to-left-support landing. Sys-
tem dynamics during the two SSPs are continuous time, but the
swing-foot landings are modeled as impulse effects.

When the swing foot hits the walking surface, a landing impact
occurs. This switching event can be defined by a switching surface
Si(q,4) (i € {L,R}) as

a3,

walking
direction
>

(b)

Fig. 1 A bipedal robot walking in the X,,-Z,, plane: (a) left leg in support and (b) right leg

in support
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left-to-right-support :
. . dhy, .
S.(q,9):={(q.4) €TQ: h(q) =0 TLq < 0}
4 3)

right-to-left-support : "
0,—2q <0
vdq ! }

(9,9) € TQ: hr(q) =
where the subscript i € {L, R} indicates whether the left (L) or
the right (R) leg is in support, /.(q) := [cos (q1) — [cos (qz) is
the swing foot height when the left leg is in support, and Ag(q) :=
lcos (q2) — [cos (gy) is the swing foot height when the right leg is
in support (/ is the leg length).

Under the assumption that the support foot is in static, full con-
tact with the walking surface, that a double-support phase is
instantaneous, and that the landing impact is a rigid-body contact
with an infinitesimally small period, the hybrid walking dynamics
can be compactly expressed as

SR(qa q) =

M.(q)q +h.(q,q) = Brus,if(q7,q7) ¢ Si(q,q)

Ar(q,q),if(q7,q ") € Sc(q,q)

ZLZ
la";q"] =

Mz(q)d + hr(q,q) = Brug,if(q~,4") & Sk(q,q)

= AR(qivqi)uif(q77q7> € SR(qvq)

ZR :
[a*:q7]
“)

where M; : Q — R**? is the inertia matrix, h; : TO — R? is the
sum of the Coriolis, centrifugal, and grav1tat10nal terms, B, €
R**? is a nonsingular input matrix, u; € R? is the torque vector
of the active joints, and the reset map A; : 7Q — RS represents
landing impact dynamics. The expression of A;(q,q) can be
obtained as

Ai(qvq):: |:I,(((i)q:|7 i€ {LvR} (©)

where the derivation of I; : Q — R33 s given in Ref. [28]. Equa-
tion (5) indicates that the states representing joint velocities may
experience a sudden jump at the switching event, but the states
representing joint positions are always continuous because of the
left-right gait characterization.

2.3 Tracking Error of the Desired Global Position Trajectory.
To accomplish complex tasks such as multi-agent coordination
and obstacle avoidance, it is necessary for a biped to follow the
desired travel path with the desired motion in Cartesian space,
which can be formulated as a contouring control problem in gen-
eral. By constructing an orthogonal global task coordinate frame
along the desired travel path, the contour error and the motion
along the desired travel path can be separately represented in two
sets of coordinates, based on which contour error minimization
and desired motion following along the contour can be decoupled
into a stabilization problem and a trajectory tracking problem
[29]. In this study, we want to solve this contouring control prob-
lem for the fully actuated planar biped model in Fig. 1, which
reduces to the problem of position trajectory tracking along the
X,,-axis because the X,,-axis is the only feasible travel path for the
planar biped. The complete problem of contouring control will be
considered in our future work on three-dimensional walking of
fully actuated bipedal robots.

Suppose that the walking direction aligns with the positive
direction of the X,-axis of the world coordinate frame (see
Fig. 1). Let (x;, z;) and (x,, z,) be the left foot and the right foot
positions in the world coordinate frame, respectively. Let the
biped’s hip position s along the X, -axis represent its global posi-
tion in Cartesian space. With reference to Fig. 1, s can be
expressed as

Journal of Dynamic Systems, Measurement, and Control

Xy +1sin(q2) (right-in-support) ©)

_ {x, +Isin(qy)  (left-in-support)
Let s,(t) denote the desired trajectory of s along the X, -axis.
Then, the tracking error of the desired global position trajectory
s4(f) can be expressed as s — s,4(7).
Let

g1 (left-in-support)
qst = . .
q> (right-in-support)

be the support-leg angle. Under the assumption that the support
foot position is known, the desired position trajectory of the sup-
port leg can be obtained from s,(7) as

q1a(t) := sin™! <M) (left-in-support)
qstd (t) =
q24(t) == sin™! (M[Xr) (right-in-support)

@)

Then, the tracking error of gy — gyq(?) can be used to indicate the
global position tracking error s — s,(¢). If a control law is synthe-
sized such that gy — ggq(?) is driven to zero exponentially, then
the exponential tracking of the desired global position trajectory
s4(t) is realized.

2.4 Tracking Error of the Desired Walking Pattern. A
walking pattern is defined as the relative evolution of a biped’s
joint positions with respect to a reference (or, encoding) variable
in a complete walking cycle [9]. Tracking a preplanned walking
pattern is desirable partly because the joint motion can be
synchronized with respect to the reference variable. Furthermore,
a proper walking pattern design can be utilized to construct the
hybrid invariance of the desired motion, which will be detailed in
Sec. 5.

Let

s—x;  (left-in-support)
5= (®)
s —x, (right-in-support)

be the relative position of the hip with respect to the support foot
along the X,,-axis. Note that 5(¢) increases monotonically in ¢ dur-
ing forward walking.

With § chosen as the reference variable, the desired walking
pattern is introduced as

gi(quSW7q3) = 07l € {LvR}

[ ¢ (left-in-support) .

where ¢y := {ql (right-in-support) represents the swing leg
position and g;(5, gsw, ¢3) is defined as

left-in-support: g, (5, gsw, q3):= |:‘12 — (5 )]
$a(5)
9
right-in-support:  gx (3, gsw, ¢3) := { Dir(s )}
— P(3)

where the functions ¢;(5) (i € {L,R}, j € {1,2}) will be deter-
mined with a new method of walking pattern design in Sec. 5.

Hence, the tracking error of the desired walking pattern is sim-
ply g(3, qsw,q3)- If (5, qsw,q3) is exponentially driven to zero
with a controller design, then exponential tracking of the desired
walking pattern is realized.
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Now, we will use an example to illustrate why the left-right
gait characterization can be utilized to conveniently define an
asymmetric gait. From Egs. (6) and (8), one has

§ = Isin (gy) (10)

From Eq. (10), a function of g is introduced to represent ¢;(5) as

G;i(qs) == ¢;(5) = ¢ji(Isin (gs)) 1n
fori € {L,R} andj € {1, 2}. Thus, under the left-right gait char-

acterization, the desired walking pattern of the swing-leg angle
gsw With respect to the support-leg angle g, can be expressed as

q2 — élL(QI) =0

right-in-support: ¢, — q?hR(CD) =0

left-in-support:
(12)

Such a walking pattern is illustrated in Fig. 2. From the solid lines
in Fig. 2, one can see that an asymmetric gait can be conveniently
defined by differentiating the left and the right legs because
¢1.(gs) and ¢ z(gs) can be chosen independently. However, as
shown by the dashed line in Fig. 2, the traditional walking charac-
terization based on the support and the swing legs can at most

represent a symmetric walking pattern where ¢, (¢s1) = ¢ 1z(qs)

= d)l(qsl)'

3 Feedback Control Based on Input—Output
Linearization

The control objective of this study is to realize exponential
tracking of the desired walking pattern in the configuration space
as well as the desired position trajectory in Cartesian space. As
the first step of our ongoing research, it is assumed that there are
no modeling errors or disturbances, and input—output linearization
is utilized to synthesize the needed controller to achieve the con-
trol objectives. Specifically, the swing leg and the trunk are driven
to exponentially converge to the desired walking pattern encoded
by the support leg angle, and the support leg is driven to realize
exponential tracking of the desired motion in Cartesian space.

With this goal in mind and from Egs. (7), (9), and (11), the out-
put function is designed as the tracking error of the desired global
position in Cartesian space and the desired walking pattern

left-in-support : =q-— t,
{ pp Yo = a4~ At q1) 1)

right-in-support:  y = q — qgy(, ¢2)

Asw = (ﬁlL (qst)
(left-leg-in-support)

Asw = (i;lR (QSt)
(right-leg-in-support)

> ¢

Fig. 2 Encoding the swing-leg pattern using the support-leg
angle gs: and the swing-leg angle qs\

051008-4 / Vol. 140, MAY 2018

where
q1a(t) b 1r(q2)
qra(t,q1):= ‘?’m(%) and  qgy(t,q2):= | qoa(t)
J’zL(‘Il) (Z)ZR(qZ)

Note that the output function y; (i € {L, R}) can be designed as
three-dimensional because the biped has three independent active
actuators. By exponentially driving the output function y; (i € {L,
R}) to zero, exponential tracking of the desired global motion
s4(f) and the desired walking pattern g;(5,¢sw,q3) =0 (i € {L,
R}) can be realized simultaneously.

From Eq. (13), one obtains

yi :Pf(LIst)q7Zi(t7qslyq.st)7i€ {LaR} (14)

during continuous phases, where

i 1 0 0_ [ ijld(t)
_dd’lL 1 0 d2¢1L -2
PL = dQ1 , Zp = dq% !
_a;,b_u 0 1 d2‘2’2Lq2
q1 i i dq% 1
-dz(;ﬁ (15)
_d¢1R 21R q'%
dq 0 qu
2
Pr:= |0 1~ 0, zr:=| &y
d ~
— d¢2R 1 d2¢2R qz
q2 i i dq% 2

From Eq. (15), it can be known that P;(¢gy,) is always invertible.
From Egs. (4) and (14), one has

yi :Ni(q)ui_Li(tvqaq)7 i € {LvR} (16)
where N; =P,M;'B; is proved to be invertible and
Li = PiM;lhi + z;.

Therefore, the feedback control law based on input—output lin-
earization is defined as

u = Nfl(Vi +L;) an
which results in a linear system
yi=vi, 1€{L,R} (18)
If v; is chosen as a proportional—derivative (PD) controller
vi = —Kpiy, — Kp;y,, i€ {L,R} (19)

where Kp; € R and Kp; € R¥*? are both nonsingular diagonal
matrices, one then obtains a linear system

x=Ax, i€{L,R} (20)

with
X 1= [X1,X2,%3,X4, X5, X6 || 1= Bﬂ €y @1

and
A= {231(; _I*Iz;} e R®® 22)
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where y is the full state space, 033 € R33 is a zero matrix, and
L,; € R* is an identity matrix.

If Kp; and Kp; are chosen such that A; is Hurwitz, then there
exists a real positive-definite-symmetric matrix W, such that
Vi(x) =x"W;x is a Lyapunov function candidate for the
continuous-phase dynamics in Eq. (20) and there exist positive
constants ¢y;, ¢»;, and c3; (i € {L, R}) such that V,(x) satisfies

cul[x[* < Vi(x) < cafl[x[* and  Vi(x) < —exVi(x)  (23)

for all x during continuous phases [30].

4 Stability Analysis

Based on previous analysis, the closed-loop walking dynamics
can be compactly written as

s . X = Asx, if (¢7,x7) & Spr(t,%)

L xT :ALHR(ff,Xf), if (t77X7) GSL*,R(LX)
(24)

s . X = Agx, if (r7,x7) & Sg—r(1,x)

] xt = Ap_p(t7,x7), if (7,x7) € Spr(1,X)

where the expressions of A; .z and Ag_,; can be derived from A;
and y; and the expressions of the switching surfaces S; .z(f, X)
and Sk_..(¢, X) can be obtained from S; and y;.

Without loss of generality, suppose that the walking process
begins with the left leg in support and the right leg in the air at
t=ty. Without loss of generality, suppose #,=0. Let T;, and
Tg,, k € {1,2, ...} represent the actual moments of the kth left-to-
right-support and the kth right-to-left-support impacts, respec-
tively. Without loss of generality, assume Tp, =1fy. Let 1,
and g, k € {1,2,...} denote the desired moments of the kth
left-to-right-support impact assuming x(¢) = OVz > Tg,_, and the
kth  right-to-left-support impact assuming x(7) = OVt > Ty,
respectively.

Properties of Ty, and Tk, are summarized in Theorem 1, which
is introduced based on Lemma 2 in Ref. [31].

THeOREM 1. Consider the fully actuated walking system in
Eq. (24). Let the following conditions hold:

(A1) There is no beating effect at impacts.

(A2) The desired global position trajectory s,(¢) is continuously
differentiable and monotonically increasing for ¢ > 0.

(A3) The function ¢ ;(gs) (i € {L,R},j € {1,2}) in Eq. (11) is
continuously differentiable in gg.

Then, there exists a small neighborhood U of the point
(r,k, 0), i€ {L,R}, k € {1,2,...} such that T; (t;,p, (7)) is a
unique conunuously dlfferentlable function in U, where p; () is
the solution of x = A;x with initial condition p,, (TE )=

x(Ty, ) forz € (Tg, ,,+00) and p, (1) is the solution of X = Agx
with initial condition Pk, (T) = X(TL ) for t € (Ty,, +00). Also,
T;, has the following properties:

(P1) Ty, (t1,,0) = 71,, T, (TR, 0) = Tg,; and
(P2) there exists a positive number L, such that |T; (t,w)
=T, (t,u)| < LJ|w —uf, ¥(z,w), (t,u) € U.

Proof. By the definitions of T, and 71, (i € {L,R},
ke {1,2,...}), the property (P1) holds. From the conditions
(A1)—(A3) and Egs. (3), (13), and (24), it can be known that the
functions that define the continuous dynamics, the reset maps, and
the switching surfaces are all continuously differentiable in ¢
and x. Then, by the implicit function theorem, the property (P2)
holds. |

We are now ready to present the main theorem.

Tueorem 2. Let the conditions (A1)—(A3) hold. Assume that
A g(17,,0) =0 and ARHL(‘L'E‘,,O) =0 hold for any k € {1,
2,...}. Then, there exist positive-definite diagonal matrices Kp;

Journal of Dynamic Systems, Measurement, and Control

and Kp; (i € {L, R}) and a positive number ¢ such that the hybrid
time-varying closed-loop system in Eq. (24) is locally exponen-
tially stable for all x(0) € B5(0) := {x € x : [|x|| < J}.

Proof. Without loss of generality, suppose that the walking pro-
cess begins with the left-in-support continuous phase.

Let V;(x) and Vg(x) be the Lyapunov functions associated with
the left-in-support and the right-in-support phases, respectively.
When the walking process begins with the left-in-support continu-
ous phase, the Kth step (K €{1, 3, 5...}) is a left-in-support phase
and the Kth switching is a left-to-right-support switching. Let
VR\,t and VL|;JrI (K € {1, 3, 5,...}) denote the values of Lyapu-
nov functions right after the Kth and the (K+ 1)th switchings,
respectively. By stability analysis via multiple Lyapunov func-
tions [24], the overall system is exponentially stable if V;(x) and
Vr(x) are exponentially decreasing in the left-in- support and the
right-in- support phases respectively, and if {Vk|}, Vk|3, Vl<...}
and {V.|y,VL|i,Vi|¢...} are both strictly decreasing sequences.

As explained in Sec. 3, if Kp; and Kp,; (i € {L, R}) are chosen
such that A, is Hurwitz, then the continuous-phase subsystems are
exponentially stabilized. Therefore, the remaining task is to derive
stability ~conditions to guarantee that the sequences
{Vell, Vkl3, Vkls...} and {VL|3, V|, Vils ...} are both strictly
decreasing. This requirement can be rewritten as

Vrlgso < Vilg and Vili.s < Vili (25)
where K is defined as
K €{1,3,5,...}

for the rest of this proof.

First, we prove that there exist positive-definite diagonal matri-
ces Kp; and Kp; (i € {L, R}) and a positive number dx such that
Vrlpis < Vg|g for any x(0) € By, (0).

From Eq. (23), one has

Vr(x) < e x=TRyp £ (26)

during the continuous-phase right after the Kth impact and

Vi(x) < e cnl=Teey, ok 27

during the continuous-phase right after the (K + 1)th impact.
Because of the assumption Ag_; (7, ,,0) = 0, one has

X[ 1| = [ AR—L(Tig 1, Xl )
SN AR=L(Tiys Xlgey1) — Ar—r (Tt X[l
+HARHL(T1;+1>X|1;+1) - ARHL(TI;H’O)H (28)

where TK+1 is the moment of the actual (K + 1)th impact, x|,
and x|} x+1 represent the values of x right before and after the
(K+ 1)th impact, respectively, and tx,; is the moment of the
desired (K + 1)th impact assuming x(r) =V > Tk.

Because the reset map Ag_ (7, %) is continuously differentiable
in ¢ and X, it is locally Lipschitz continuous in ¢ and x. Hence,
there exists 7 > 0 such that for any x(0) € B, (0), one has

HARHL(TI;JrUX‘I;H) - ARHL(TI;H?())H < La,, X|1;+1 H (29)

and

Ar—r(Tg s Xl )|l < Lag Tkt — tr41]
(30)

IAR—L (T s 15 X|gs1) —

for some Lipschitz constants La,, and La,,.
Define

< AR(’*TK)XU?
b

XR(I) =e vVt > Tk 31)
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By Theorem 1, there exist 4 > 0 and L, > 0 such that

[Tki1 — k1] = |Ter (tei1, X(tx 1)) — Try1(tx 11, 0)]
< Le||Xp(tis1) | (32)

for any x(0) € By (0).
From Egs. (28)—(30), and (32), one has

2 — 2 ~ 2
%l 41 I* < Lag (Xl 7 + 1R () 1) (33)

where Ly, := max(2L3 ,2L3 L?).
Similarly

[ 1* < Lo, (Il ol 1%e (2x042) 1) (34

where Ly, is a constant that can be obtained similarly to L,,,, and
X, (¢) is defined as

Xp (1) = Mol V> Ty (35)
According to Eq. (23), the following inequalities hold:

Vilger = crliXlg 1P VaRr(txs1)) > cirll&r (e |
Vil > el Xlgnll’s VeXe(tksa) > eilXe(tesa)|)?

2 2
Vilger < calXlgall’s Velgs < corlixlepsll

(36)
Furthermore, from Egs. (26), (27), (31), and (35)
Ve(Re(ti41)) < em TV (37)
and
VelRa(rasa)) < e TV (38)
hold.

Combining Egs. (32), (34), and (36)—(38), one obtains

C21L.C2R
CIRCIL
% (] + e*f%L(TIH»Z*TKJrZ))(l 4 e*£'3R(TK+I*TK—]))VRU<’ (39)

+ —(csLAtgi1+csrAtk)
Velgsn < L, Lage *

where Atg = k1 — Tk and A’E](Jrl = Tg42 — Tk4+1. Note that
Aty is the desired duration of the (K + 1)th step, which is known
right after the Kth actual impact occurs.

From Egs. (23) and (31),

N Cor R
IReeeen)ll < e el (40)
1R

holds, and thus from Egs. (32) and (40), one has

ITicar = tiet| < Loy [0 256 x| @1
CIR
Similarly
[Tiia — Tkl < Loy [22e %% x[E | (42)
CiL

Hence, for any ¢ > 0, there exist sufficiently large ¢3;, and c3x and
a positive number /* such that

eonxawa) < 1 pg and e Mo o) <14 (43)
hold for all x(0) € B (0).
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Then, it can be obtained from Eqgs. (39) and (43) that

C2LCoR

Velg iz < La L (1 + &)™ (cotmntentely, 2 (44)

C1LCIR

holds for any x(0) € B;,(0) where o := min(ry, hj, I*).
Similarly

C2L.CoR
+
Vi |K+3 <

LA,_LAR (1 + 8)26*(('3LA1K+3‘H'}RATK—Z)VL|;+1 (45)

C1LCIR

holds for any x(0) € By, (0) where J, can be obtained similarly to
the above analysis.

Note that c3; (i € {L, R}) is determined by Kp; and Kj;. Hence,
if the PD gains are sufficiently large such that A; is Hurwitz and
that there exists a positive number 6 = min(Jy, dg) such that

Co1.C
c31ATk1 + carATk > 21n (MLALLAR(l + s)) (46)
C1LCIR
and
Cp1.C
31 ATk 13 + C3rATR2 > 21n (%LA,_LARU + s)) (47)
1LC1R

hold for any x(0) € B5(0) and any K € {1, 3, 5,...}, then
Vlgio < Vrlg and Vi|g.5 < Vi|g,, hold for any x(0) € B;(0)
and any K € {1, 3, 5,...}; i.e., the closed-loop system in Eq. (24)
is locally exponentially stable. |

The stability conditions in Egs. (46) and (47) indicate that the
output function should converge to zero sufficiently fast so as to
diminish the possible divergence caused by reset maps. In previ-
ous studies, rapidly exponential convergence of output function
has been proposed to deal with the possible expansiveness of a
landing impact [21], which can also be applied here to further
increase the convergence rate.

In Sec. 5, it will be shown that the assumption of
AL r(1%,0) =0 and Ag_r(t%,;,0) =0 in Theorem 2 will
always hold for any K € {1, 3, 5,...} if the desired walking pat-
tern is designed properly.

5 Desired Walking Pattern Design

The desired walking motion q;4(t, g5 (i € {L, R}) in Eq. (13)
is completely defined by the desired global position trajectory and
the desired walking pattern. Suppose that the desired global posi-
tion trajectory s,(f) is determined by the high-level task planner,
which is continuously differentiable and monotonically increasing
for > 0. Then, the remaining task of motion planning is walking
pattern design, which should guarantee that the desired motion
qia(t, qs) will satisty the following conditions:

(C1) AL —r(1¢,0)=0and Ag_;(15,,,0)=0, VK €{1,3,5,...}

(C2) forward walking direction;

(C3) ground-contact constraints including the friction cone and
the unilateral constraint;

(C4) joint position and velocity limits; and

(C5) joint torque limits.

Since the last four conditions (C2)—(C5), can be easily met
through trajectory optimization, they are not further discussed in
this paper. The first condition (C1) essentially states that the
desired gait should respect the reset map; i.e., if X(15x) = 0, then
x(1%) = 0 should always hold. As presented in Sec. 4, the first
condition (C1) is important because it can greatly simplify the sta-
bility analysis of the hybrid time-varying closed-loop control sys-
tem. However, the satisfaction of (C1) is not straightforward as it
involves both the desired global position trajectory and the desired
walking pattern.

In this section, a new method of walking pattern design is pro-
posed, which guarantees that (C1) is always satisfied for any
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feasible s,(¢) that is continuously differentiable and monotonically
increasing for ¢ > 0. This is advantageous because the high-level
planning of the desired global position trajectory s,(f) and the
low-level planning of the desired walking pattern represented by
¢;:(q5:) are decoupled for the satisfaction of (C1).

5.1 Hybrid Invariance of Desired Motion. The condition
(C1) can be decomposed into two parts. One part requires that the
desired walking pattern should respect the reset map, which can
be satisfied based on the same method of walking pattern design
for constructing HZD [13]. The other part is tricky to meet, which
requires that the desired position trajectory of the support leg
should respect the reset map. As indicated in Eq. (7), the desired
support-leg trajectory is updated at the beginning of each actual
step, and thus it depends on when and where the last actual swing-
foot touchdown occurs.

When the walking process begins with the left-in-support con-
tinuous phase, the Kth step (K € {1, 3, 5...}) is a left-in-support
step starting at r = T¢_,, and the Kth desired switching is a left-
to-right-support switching at f = 7. Suppose that the desired
walking pattern g, (/sin (q1), 42, ¢3) = 0 has at least one intersec-
tion with the switching surface Sy.(q, q). Also, suppose that one of
these intersections has left leg position at gj. In the following, we
will develop the conditions on ¢ and the desired walking pattern
g:(Isin(q1),q2,q3) =0 (i € {L, R}) such that A;_g(1x,0) =0 in
condition (C1) is satisfied for any K € {1, 3, 5,...}.

From Eq. (7), the desired support-leg trajectory gq,(f) will
increase monotonically within the Kth step if s,(¢) is planned as
feasible and monotonically increasing. Then, the Kth desired land-
ing moment ¢ = 1y, if exists, can be uniquely determined from the
equation q14(tx) = ¢;.

Assuming x(tx ) = 0, one has

q(tg) = Hee(qy) and  q(tg) = Hy(q1)qra(tg) — (48)

where
. o d‘?’lL(ql)
Hy(q)= | ®w(91) | and Hy(q):= | daq (49)
b (q1) door(q1)
dq,

Then, at =1}, one can obtain the following equations from
Eq. (5)

q(tx) = q(tg) = Hy(q7),

. . - (50)
A(tx) = L(q(tg))d(x) = 1(g1)HiL(q7)G1a(T)

where It (¢7):= L. (Hy (7)) = L(a(t¢)).
Assuming x(t%) = 0, one has

q(t¢) = Hgr(q2a(tg)) and  d(tg) = Hyr(q2a(15))d2a ()

(51)
where
} d‘?’m(%)
P 1r(92) dqy
Hp(2) = | @ and Hgg(q2):=| 1 (52)
Bar(92) ddar(q2)
dq>

Because s,(7) is continuously differentiable for 7 > 0, one has

Journal of Dynamic Systems, Measurement, and Control

sa(tg) = sa(tg) and  Sa(tg) = Sa(g) (53)
Also, s(#) is continuous for # > 0. Then, one obtains

qu(ﬁt) = ‘Z)IL(qT) (54)

and

Gra () = cos(di) )C?m(fzz) = 72(4)d1a(7x) (55)

COS(‘]’]L(‘IT)

Therefore, if (}51-,- (i€ {L,R},j€ {1,2}) can be designed to
satisty

Hy(q}) = Hr(d1.(q7)) (56)

and

iL(qT)Hf]L(qT) = Hc}R(J)lL(QT))”/L(QT) (57)

then x(t¥) = A;—r(tg,0) = 0 holds for any K € {1, 3, 5,...}.

We will now derive conditions to guarantee that
Ar—r(x,1,0) = 0 in the condition (C1) holds for any K € {1, 3,
5,...}. Similarly, suppose that the desired walking pattern
gr(Isin(¢2),q1,93) = 0 has at least one intersection with the
switching surface Sg(q,q) and that one of these intersections has
right leg position at ¢5. If ¢;; (i € {L,R}, j € {1,2}) is designed
to satisfy

Hyr(q3) = Hor($1£(43)) (58)

and

Tk (q3)Hgr(q3) = Hyr(h12(45))vr(93) (59)

with Tr(g3):=Tr(Hyr(q3)) and 7(q3):=(cos(q3) /cos($r(g3))),
then Ag_r(tx,,,0)=0holds forany K € {1, 3, 5,...}.

5.2 Walking Pattern Parameterization With Beziér
Curves. Similar to the previous study [12], the functions
¢ (i € {L,R}, j € {1,2}), which define the desired walking pat-
tern, can be parameterized by the Mth-order Beziér curves as

biu(@) = Zm St i~ )
p 0
(Z)ZL(‘]I) ¢ (Ar) ZﬁLp )f’( 1= )"
p 0 (60)
bir (2) = P1r(Zr) Z“Rp PiM (1 — )™
17 0
(7)2R(‘12) ¢2R ) ZﬂRp Nﬁ(l - }vR)Mip
p=0 !

where «;, and B, (i € (L, R}, p € {0, 1,..., M}) are unknown
parameters to be determined, and the variables Z;(g;) and Az(¢>)
are defined as

q1 — 410
41 — qio

q2 — 420

p 61)
q, — 420

L(q) = and  Jg(q2) =

where ¢, and ¢, are the initial support-leg angles of the left-in-
support and the right-in-support phases, respectively, determined
by the desired walking pattern and the switching surfaces.

The functions ¢ (/%) (i € {L,R}, j € {1,2}) have the follow-
ing properties [12]:
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ey 57’1:' (0) = oo, ‘}2:‘(0) = Bios

(2) ¢1;(1) = tigs doi(1) = Bings _

3) d(?u/d)vi(o) = Moy — oo, depy;/d2i(0) = MB;; — Big: and
) doy;/d2i(1)=Moin—0tin—1),depa; /d2i (1)=MBiyg—Bips—1)-

These properties can be utilized to construct hybrid invariance
of the desired motion.

5.3 An Example of Walking Pattern Design With Third-
Order Beziér Curves. In this subsection, the procedure of obtain-
ing the unknown parameters o;, and f8;, (i € {L,R},p € {0, 1,...,
M}) of ¢j; (i € {L,R}, j € {1,2}) in Eq. (60) is explained. Sup-
pose M=3. From Egs. (56)-(61) and the properties of
¢ (i € {L,R}, j € {1,2}), one has

g} = %0, G5 = %0, qi0=0r3;, ¢20 = %3 (62)

— 0 — 0
() =L ) =2 (63
0RO — UR3 0o — o3
Bz = Bros  Bro = Brs (64)
[ 3ot — ogo ] 1 |
o — oy 303 — o
) (O(R()) o 1 o = iL(O(R()) OlRO — OR3 (65)
L = ¢
3Br1 — Bro 313 — Bro
L %o — o3 | %R0 — OR3 |
[ 3 1 T 30€R3 — OR2 T
o :Ll _;LO . » o — s I P )
Vr(%LO RO — OR3 | = AR(%Lo
31 — Buro 3Brs — Bro
L %RO — UR3 | %o — %3

The function (?)ﬁ (i € {L,R},j € {1,2}) should also satisfy the
following switching conditions obtained from Eq. (3) (forward
walking direction is assumed):

I cos (ogo) — I cos (o3) = 0
o —
—Isin (ogo) + I'sin (0y3) 203 T 2 <0
0RO — OR3
I cos (az0) — Icos (ag3) = 0
Borpr —
—Isin (o) + Isin (og3) 2R3 T Ok <0 67)

OlLo — %3

There are 16 unknown parameters of the four third-order Beziér
curves, and there are ten equations and two inequality constraints
in Egs. (64)—(67). Therefore, the function (}Sﬂ- (ie{L,R},je
{1,2}) can be determined through numerical search in order to
satisfy the first condition (C1).

6 Simulation Results

In this section, a fully actuated planar biped with three revolute
joints is simulated to show the validity of the proposed walking
strategy. We first compare our proposed walking strategy with
previous studies to show that we can achieve exponential position
tracking in Cartesian space but the previous study can only
achieve exponential velocity tracking. Then, a symmetric walking
pattern is simulated with two different desired global position tra-
jectories s (f)—one with a constant walking speed and the other
with a time-varying walking speed—to show the versatility of the
proposed walking strategy. The simulation results also show that
the desired gait respects the reset map regardless of the choice of
s4(¢) when the desired walking pattern is designed as introduced in
Sec. 5. Furthermore, exponential tracking of an asymmetric walk-
ing pattern is illustrated through simulations. Finally, effects of
the continuous-phase convergence rate on the closed-loop stability

051008-8 / Vol. 140, MAY 2018

Fig. 3 A planar biped with lumped masses, massless thin
feet, and identical legs. (m=10kg, My=5kg, Mr=5kg, and
I=(r/2)=0.5m.)

are analyzed through simulations, which validates the stability
conditions in Sec. 4.

The simulated biped model is shown in Fig. 3. The definitions
of / and r are illustrated in Fig. 3, and the masses m, My, and My
are lumped at the center of each link.

With the walking pattern design proposed in Sec. 5, a symmet-
ric walking pattern and an asymmetric walking pattern are gener-
ated, which will be utilized in the following simulations. The
obtained swing-leg patterns are shown in Fig. 4 (the trunk patterns
are omitted).

6.1 Comparison With Previous Work on Orbital Stabilization.
In the previous work on orbital stabilization [11], the bipedal gait
is characterized by the support and the swing legs. Thus, only a
symmetric walking pattern can be exponentially tracked. Besides
walking pattern tracking, another control objective of the previous
work is velocity tracking in Cartesian space.

In order to compare our proposed walking strategy with the pre-
vious orbital stabilization [11], the desired walking pattern is cho-
sen as the symmetric walking pattern in Fig. 4(a). The desired
global position trajectory s,(¢) is defined as monotonically increas-
ing with a constant speed. Because the previous walking strategy
focuses on velocity tracking in Cartesian space, its desired global
motion is defined as $,(¢).

The simulation results corresponding to the previous work are
shown in Fig. 5. From Fig. 5, it is clear to see that exponential
tracking of the desired symmetric walking pattern is achieved.
However, there is always a nonzero steady-state tracking error of
the desired global position trajectory s,(¢), although the desired
global velocity trajectory $,(¢) can be exponentially tracked.

In contrast, with our proposed walking strategy, we can realize
exponential walking pattern tracking and exponential global posi-
tion tracking, as shown in Fig. 6.

This comparison clearly illustrates that our proposed walking
strategy can greatly improve walking versatility as compared with
the previous work on orbital stabilization.

6.2 Exponential Tracking of Different Global Position
Trajectories. In this subsection, we will show two sets of simu-
lated bipedal walking with the same desired symmetric walking
pattern (see Fig. 4(a)) but different desired hip trajectories s,(7).
Without loss of generality, the control gains are chosen the same
for both cases: Kp, =Kpg=diag[28, 28, 28] and Kp, =Kpr
=diag[11, 11, 11]. These control gains are chosen such that the
matrices A, and Ag in Eq. (20) are both Hurwitz and that the
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0.4
0.2 X
s 0
Z Qow = $1(dst)
[ _0‘2 sw 1 st
0.4

0.6 ‘
06 04 02 0 02 04
qsc (rad)

(@)

0.6
0.4
< 0.2
S . :
\'; 0 q; = $1r(q;)
S (right-leg-in-support)
-0.2
2= (511,(%)
0.4 (lefi-leg-in-support)
0.6
06 04 02 0 02 04 0.6
q, (rad)
(b)

Fig. 4 Desired walking patterns of swing-leg angle g, with respect to support-leg angle g.;:
(a) symmetric and (b) asymmetric

(rad)

—

Fig. 5 Simulation results of previous work based on orbital
stabilization and support-swing gait characterization. Green
(blue) dashed: desired swing-leg (trunk) trajectory determined
by the desired walking pattern.

(rad)

Fig. 6 Simulation results of proposed walking strategy
under the left-right gait characterization. Dashed lines: desired
joint trajectories generated by gi(s, gsw, g3) = 0(ic{L, R}) and
sA1).
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(rad)

—q —Qq —q3

S 05
0.1 :
—Vi(x)—Vg(x)
0.05F 1
0 ! |
0 1 2

Fig. 7 Symmetric walking with s(f) =0.6t— 0.1 m, Kp;= diag
[28, 28, 28], and Kp;=diag[11, 11, 11]. Dashed lines: desired
joint trajectories generated by gi(s, gsw, g3) =0(ic{L, R}) and
sA1).

conditions in Eqgs. (46) and (47) are met under relatively large ini-
tial tracking errors. The two sets of bipedal walking share the
same initial conditions

5(0) = 5(0) = ~0.1(m), 5(0) — 54(0) = 0.1(m/s)
02(0) — 1, (@(0)) = 0.1(ra)
(0)~ Dar (6]1(0)) = —0.1(rad)
00 - (10)d,0) = ~0amafs) P
45(0) — “Z’% (¢1(0))1(0) = 0.1(rad/s)

Due to the identical control gains, one has A =A; = Ag. Then,
without loss of generality, the Lyapunov functions during the left-
in-support and the right-in-support phases are chosen the same
Vi(x) = Vr(x) = x"Wx (69)
where W is the solution of the Lyapunov equation AW + WAT
+Q =0 with Q=I5 [30].
Figure 7 shows the results with s,(#) = 0.6 — 0.1(m), and Fig. 8
corresponds to s4(f) = 2.3¢703+05) 1+ 0.61 — 2.1(m). From the
plots, we can see that exponential tracking of the desired hip
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(rad)

AN

—q1— 43

T T T T

0.1 , : : ,
—Vi(x)—Vg(x)
0.05F 1
0 L Il I
0 1 2 3 4

t(s)

Fig. 8 Symmetric walking with sg(f)=2.3e~03(t+05) 0.6t
—2.1(m), Kp; = diag[28, 28, 28], and Kp; = diag[11, 11, 11]. Dashed
lines: desired joint trajectories generated by g;i(s, gsw, g3)
=0(ie{L, R}) and s1).

trajectory s,(t) with either a constant or a time-varying walking
speed is achieved under the same desired walking pattern. It
shows that a walking pattern generated through the proposed gait
design method in Sec. 5 can be automatically incorporated with
an arbitrary hip trajectory s,(¢) that is differentiable and monotoni-
cally increasing. Note that the Lyapunov function plot in Fig. 7
shows a relatively large jump at the first impact at r=0.5s while
the one in Fig. 8 shows no significant jump at the first landing
impact at =2s. Because the desired global position trajectory in
Fig. 8 has a much lower velocity in the first few seconds than that
in Fig. 7, the duration of the first step is much longer in Fig. 8,
which results in the much smaller trajectory tracking error right
before the first impact and the much smaller jump of the Lyapu-
nov function right after the first impact in Fig. 8.

6.3 Stable Asymmetric Walking. As stated earlier, the left-
right gait characterization enables planning and tracking of an
asymmetric walking pattern, which is illustrated with simulation
results in this subsection. Figure 9 shows simulated bipedal walk-
ing with the initial conditions in Eq. (68), the desired asymmetric
walking pattern in Fig. 4(b), and the desired global position trajec-
tory s4(f) =0.6t — 0.1(m). The control parameters are chosen as

0.5F

1.5 i i

0.05} 1

Fig. 9 Asymmetric walking with s(f) =0.6¢— 0.1 m, Kp; = diag
[12, 12, 12], and Kp; = diag[7, 7, 7]. Dashed lines: desired joint
trajectories generated by g;(s, gsw, g3) = 0 (ic{L, R}) and s{).
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1.5 i

0.1 , :
— Vi (%) —Var(x)
0.05+ ]
0 L 4
0 1 2

t (s)

Fig. 10 Asymmetric walking with s4(f) = 0.6t — 0.1 m, Kp; = Kpgp
=diag[28, 28, 28], and Kp, =Kpr=diag[11, 11, 11]. Dashed
lines: desired joint trajectories generated by g;(s.gsw,qs3)
=0(ie{L, R}) and s(({).

0.05 \\'\‘\' 1

Fig. 11 Asymmetric walking with s f)=0.6t—0.1 m, Kp;
=diag[6, 6, 6], and Kp;=diag[5, 5, 5]. Dashed lines: desired
joint trajectories generated by g;(s, gsw,qs) =0(ie{L, R}) and
sA1).

KPL = KPR = dlag[lZ, 12, 12] and KDL = KDR = dlag[7, 7, 7], and
the Lyapunov functions are defined as Eq. (69).

As shown in Fig. 9, the desired asymmetric walking pattern as
well as the desired global position trajectory is exponentially
tracked, which validates the high versatility of our proposed walk-
ing strategy.

6.4 Effects of Continuous-Phase Convergence Rate on
Closed-Loop Stability. Theorem 2 introduced in Sec. 4 indicates
that the continuous-phase convergence rate determined by the PD
gains should be sufficiently fast to guarantee the stability of the
closed-loop hybrid dynamical system in Eq. (24). In this subsec-
tion, two sets of simulated bipedal walking (see Figs. 10 and 11)
are presented under different PD gains. They share the same initial
conditions, desired walking pattern, desired hip trajectory, and
Lyapunov function definitions as in Fig. 9. However, the PD gains
corresponding to Fig. 10 are larger than those in Fig. 9, and the
PD gains corresponding to Fig. 11 are less than those in Fig. 9.
Accordingly, it can be seen from Figs. 9—11 that the actual motion
converges to the desired motion faster in Fig. 10 but slower in
Fig. 11 as compared with Fig. 9. Therefore, this comparison
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validates Theorem 2 and shows that a higher convergence rate
during the continuous phases results in faster closed-loop
convergence.

7 Conclusion

In this paper, provably stable, fully actuated, planar bipedal
robotic walking has been achieved with improved versatility as
compared with previous studies. In order to define both symmetric
and asymmetric walking patterns, the left and the right legs were
used to characterize a bipedal gait. Under the left—right gait char-
acterization, the full-order hybrid walking dynamics were mod-
eled. With the output function designed as the global position
tracking error and the walking pattern tracking error, an
input—output linearizing controller was then synthesized to expo-
nentially drive the output function to zero. Closed-loop stability
conditions were analyzed based on the construction of multiple
Lyapunov functions, which essentially requires that the
continuous-phase convergence rate of the output function should
be sufficiently fast in order to overcome the possible divergence
caused by landing impacts. A new method of walking pattern
design was proposed, which guarantees that the low-level plan-
ning of the desired walking pattern can be decoupled from the
high-level planning of the desired global motion. Provable expo-
nential stabilization and high versatility of the proposed walking
strategy were validated with simulated bipedal walking.
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